SUMMARY
Seed germination under the appropriate environmental conditions is important both for plant species survival and for successful agriculture. Seed dormancy, which controls germination time, is one of the adaptation mechanisms and domestication traits [1] . Seed dormancy is generally defined as the absence of germination of a viable seed under conditions that are favorable for germination [2] . The seed dormancy of cultivated plants has generally been reduced during domestication [3] . Bread wheat (Triticum aestivum L.) is one of the most widely grown crops in the world. Weak dormancy may be an advantage for the productivity due to uniform emergence and a disadvantage for the risks of pre-harvest sprouting (PHS), which decreases grain quality and yield [4] . A number of quantitative trait loci (QTLs) controlling natural variation of seed dormancy have been identified on various chromosomes [5] . A major QTL for seed dormancy has been consistently detected on chromosome 4A [6] [7] [8] [9] [10] [11] [12] [13] . The QTL was designated as a major gene, Phs1, which could be precisely mapped within a 2.6 cM region [14] . Here, we identified a mitogen-activated protein kinase kinase 3 (MKK3) gene (designated TaMKK3-A) by a map-based approach as a candidate gene for the seed dormancy locus Phs1 on chromosome 4A in bread wheat. Complementation analysis showed that transformation of a dormant wheat cultivar with the TaMKK3-A allele from a nondormant cultivar clearly reduced seed dormancy. Cultivars differing in dormancy had a single nonsynonymous amino acid substitution in the kinase domain of the predicted MKK3 protein sequence, which may be associated with the length of seed dormancy.
RESULTS
A high-resolution genetic map was constructed using totally 3,535 BC 3 F 2 and BC 4 F 2 plants derived from a cross between Canadian dormant cultivar ''Leader'' and nondormant Japanese cultivar ''Haruyokoi'' as a recurrent parent for the backcross to Phs1 region on the long arm of chromosome 4A (4AL), recombinants around Phs1 were selected, and BC 3 F 3 and BC 4 F 3 homozygous progenies were developed and evaluated for seed dormancy. For the fine mapping for Phs1, the level of seed dormancy was assessed by germination percentage of matured seeds after dry storage. The Phs1 was precisely mapped within 0.19 centimorgan (cM) on the high-resolution genetic map. Physical maps covering Phs1 were constructed using bacterial artificial chromosome (BAC) clones screened from a BAC library of bread wheat cultivar ''Chinese Spring.'' The Phs1 region showed co-linearity with rice chromosome 3. Approximately 180-kb from two BAC clones (WCS1133O06 and WCS0255A18) co-segregated with Phs1 based on the dormancy phenotype of recombinant homozygous lines ( Figures 1A-1C) .
The co-segregating 180-kb genomic region harboring Phs1 was sequenced, and four putative genes were predicted in the region (Table S1 ). These genes were annotated to encode a mitogen-activated protein kinase kinase 3 (MKK3), two ethyleneresponsive transcription factors 2 (ERF2), and an unknown protein. Sequences of open reading frames (ORFs) and upstream regions of these four genes were compared between parental cultivars Leader and Haruyokoi, and a total of 34 single-nucleotide polymorphisms (SNPs) or insertion/deletion mutations (indels) were identified (Table 1) . Association analysis was carried out between 34 SNPs or indels, and dormancy type of six wheat lines in which seed dormancy QTLs close to Phs1 were detected [9] . Of 34 SNPs or indels, only one SNP in the ORF of the MKK3 gene was associated with dormancy type (Table 1) . This MKK3 gene was designated TaMKK3-A because of the similarity of its predicted protein sequence to those of MKK3 family members in Arabidopsis, rice (Os06g0473200) on chromosome 6, and tobacco (NPK2). The full-length cDNA of the TaMKK3-A on 4AL was isolated by RACE. Within the cDNA sequence, 1,572 bp constituted an ORF predicted to encode 523 amino acid residues and corresponding to 7,056 bp of genomic sequence ( Figures 1D and 1E) . Comparison of the genomic and cDNA sequences revealed that the TaMKK3-A consisted of 11 exons and 10 introns ( Figure 1D ). The SNP in the ORF region of the TaMKK3-A, predicted to cause a nonsynonymous substitution within the kinase domain, was identified (Table 1 ; Figures 1D-1F ). The SNP (nucleotide C in Leader, A in Haruyokoi) was located 660 bp downstream of the initiation codon (excluding intron sequences) and resulted in a substitution of asparagine in Leader with lysine in Haruyokoi (Table 2; Figure S1 ).
Homoeologous TaMKK3 genes were isolated from Haruyokoi and Leader, sequenced and designated as TaMKK3-B and TaMKK3-D on chromosome 5B and 5D, respectively ( Figure S2) . Haplotypes of the SNP in MKK3 were compared with sequences of putative ancestral species such as Triticum urartu (regarded as the A genome ancestor of bread wheat) and Aegilops tauschii (regarded as the D genome ancestor of bread wheat), as well as other species including rice, tobacco, and Arabidopsis thaliana. The SNP haplotypes from these sequences were all C, as in Leader. The A SNP allele found in wheat cultivar Haruyokoi has not yet been observed in any other species, suggesting that the lysine residue in the corresponding position is likely to be unique among plant species (Table 2) .
TaMKK3-A gene expression, measured at the transcript level by RT-PCR, was detected not only in seeds but also in other tissues such as leaves, cotyledons, and roots ( Figure S3 ).
Based on germination tests using reciprocal F 1 seeds and the germination phenotypes of heterozygous progenies, we noticed that the nondormant Haruyokoi allele is genetically dominant. For this reason, a 9.4-kb genomic DNA containing the Haruyokoi (nondormant) allele of TaMKK3-A was transformed into Leader (dormant) by particle bombardment. Twenty-three T 0 plants were identified through PCR screening for transgene DNA, and three plants (MEL10, MEL29, and MEL31) containing the fulllength genomic DNA fragment were selected by long-PCR detection ( Figure S4 ). At T 1 and T 2 generations, we selected plants homozygous for the presence (transgenic Haruyokoi allele) or absence (null allele) of the Haruyokoi transgene from the segregated progenies. Transcripts from the Haruyokoi allele in the embryos of T 2 seeds could be detected by RT-PCR followed by restriction enzyme digestion to distinguish between Leader and Haruyokoi alleles ( Figure 2A ). T 3 seeds of nine lines homozygous for the transgenic Haruyokoi allele and 13 null lines, all segregated progenies derived from the MEL10, MEL29, and MEL31 T 0 plants, were assayed for seed dormancy. The germination percentages of the null lines were low, similar to those of the dormant line Leader, and the germination percentages of transformed lines containing the Haruyokoi allele were clearly high, indicating that seed dormancy has been reduced by the introduction of the Haruyokoi allele of TaMKK3-A ( Figure 2B ). To confirm the repeatability of this observation, we assayed Table S2 . Squares in (B) show genes annotated in the sequences from the two BACs (WCS1133O06 and WCS0255A18). G1-G4 on the squares correspond to Table S1 . Table S1 and Figures S1 and S2. germination at 30, 40, and 50 days after anthesis (DAA) using T 5 seeds of three homozygous lines from MEL29 and three homozygous lines from MEL31.
Leader maintained dormancy even at 50 DAA, but all lines derived from MEL29 and MEL31 clearly showed high germination at 50 DAA, as would be caused by dormancy release (Figure 2C) . These complementation results led us to conclude that the TaMKK3-A gene is a strong candidate for the seed dormancy gene Phs1.
Homozygous transgenic lines derived from MEL29 and MEL31 showed different dormancy levels at 40 DAA ( Figure 2C ), so we performed a quantitative expression analysis using embryos of these lines. At 40 DAA, the germination percentage of MEL29 was high, but the germination percentage of MEL31 was still low, and the relative TaMKK3-A gene expression in MEL29 embryos was higher than that in MEL31 ( Figure 2D ). Relative gene expression and dormancy level were correlated, therefore, higher TaMKK3-A gene expression may promote dormancy release.
DISCUSSION
So far, DOG1 in Arabidopsis thaliana and Sdr4 in rice have been isolated by map-based approaches as genes responsible for natural variation in dormancy [15, 16] . In bread wheat, a major QTL on chromosome 4A controlling seed dormancy has been reported by many researchers [6, 8, 9] . Phs1 controls seed dormancy in bread wheat [14] and may be identical to the QTL on chromosome 4A reported in other previous studies. In this study, by map-based approaches, we identified that MKK3 gene is a strong candidate gene for Phs1 on 4A in bread wheat. In wheat, it has been accepted that white seeded wheats are nondormant and red seeded wheats are dormant because dormancy genes are thought to be tightly linked or pleiotropic with seed coat color determined by dominant R alleles on chromosome 3A, 3B, and 3D. However, the identified gene for seed dormancy in this study was independent of seed coat color because both parents used are red type, and the chromosome position is on 4A not on group 3 for R alleles.
Co-linearity between the wheat 4AL region and the long arm of chromosome 3 in rice is highly conserved. On this rice chromosome arm, a major dormancy QTL (Sdr1) has been identified [17, 18] , but its position does not seem to correspond to the Phs1 region. In fact, the candidate gene for wheat Phs1 was orthologous to a rice gene on chromosome 6 (Os06g0473200). Around the region, the micro co-linearity between rice chromosome 3 and wheat chromosome 4AL is disrupted.
Although Phs1 is on 4AL in bread wheat, homoeologous genes were found in the telomeric regions of chromosomes 5B and 5D. During the evolution of bread wheat, chromosomal translocation and inversion were observed on 4AL, the chromosome of which also includes native 4AS, 5AL, and 7BS [19] . Comparative analysis among wheat, barley, and rice indicates that the orthologous gene corresponding to Phs1 in wheat is likely to be located close to the major dormancy locus SD2 in the telomeric region of chromosome 5H in barley [20, 21] . Li et al. [21] focused on the gibberellin (GA) 20-oxidase gene as a candidate for SD2 in barley, but Nakamura et al. [22] identified that the 
H, Haruyokoi (nondormant) haplotype; L, Leader (dormant) haplotype; asterisk (*) indicates nonsynonymous change. Table S3 .
causal gene of SD2(Qsd2-AK) in barley was MKK3 gene. Therefore, Phs1 in wheat is an ortholog of SD2(Qsd2-AK) in barley. Also, barley homolog of the abscisic acid (ABA)-induced Wheat Plasma Membrane 19 (AWPM19) was reported to be related to seed dormancy by gene expression analysis in barley [23] , and more recently, Barrero et al. [24] demonstrated that the AWPM19 gene in wheat was a candidate gene for the QTL on 4AL. In our previous study, the gene (SSR marker locus Xhbe03 was developed from wheat EST BE637461, which is highly homologous to AWPM19 gene) was mapped at 0.5 cM distal from Phs1 [14] . At present, it is not clear whether both AWPM19 and MKK3 genes are causal genes of 4A QTL controlling natural variation for seed dormancy in bread wheat. Protein kinases are critical components in signal transduction pathways. This study revealed that Phs1, which controls natural variation of seed dormancy in wheat, is likely to be one of the MAP kinase kinases (MKK) genes, specifically MKK3. A number of genes encoding MAP cascade pathway components such as MAP kinases (MPK), MKK, and MAP kinase kinase kinases (MKKK) have been identified so far, and these genes play important roles in phosphorylation of proteins involved in signal transduction. MAP kinases were reported to be associated with ABA signaling, which is responsible for seed dormancy in higher plants. MKK1, MPK6, MPK3, and MKK9 are involved in sensitivity to ABA and in seed germination in Arabidopsis thaliana [25] .
Kinases encoded by MKK genes have been classified into four groups based on sequence comparisons [26] . TaMKK3-A is homologous to AtMKK3 in Arabidopsis thaliana, NtNPK2 in Nicotiana tabacum, and OsMKK3 in rice [27] . The uniqueness of this group of MKK genes is that they encode an NTF2 domain in the C-terminal region of the protein [26] .
In this study, the expression of TaMKK3-A was not seed specific and was detected in all of the tissues examined. In Arabidopsis thaliana, AtMKK3 was reported to be associated with pathogen signaling in leaf [28] , jasmonate signal transduction pathway [29] , and ABA sensitivity in seed germination [30] . The present study suggests that variation in MKK3 is responsible for natural seed dormancy variation in monocot, indicating that MKK3 plays an important role in controlling not only seed germination but also seed dormancy, as in dicot plant species.
The candidate functional SNP regulating natural variation in Phs1 is predicted to encode a single amino acid substitution within the MKK3 kinase domain and was associated with differences in seed dormancy between the two haplotypes. We predict that the kinase functions would be different between the two haplotypes because lysine residue and asparagine residue have different polarity from each other. So far, the SNP allele encoding a lysine residue, as found in Haruyokoi, has been observed only in the wheat A genome. Therefore, we speculate that the lysine residue represents the ''mutant'' type. S4 and Table S4 .
Interestingly, candidate functional SNPs and amino acid variations between Phs1 in wheat and SD2(Qsd2-AK) in barley were different from each other [22] . Thus, from an evolutionary viewpoint, the independent mutation in the MKK3 genes of wheat and barley likely led to variation for seed dormancy. From the viewpoint of domestication, the nondormant mutant allele may have been selected because of the advantage of high productivity caused by quick germination after seeding, in particular, the advantage for farmers might be greater in dry areas where there is less rainfall. Also, in the case of winter wheat in the northern hemisphere, grains are harvested in summer and then re-seeded a few months after harvest, although the seeding time depends on the area. Therefore, deep seed dormancy may be a disadvantage for initial growth and subsequent grain yield.
On the other hand, a dormant allele would be advantageous for stable grain yield and quality to avoid PHS in wet areas where it is rainy during grain development. In breeding programs for the improvement of resistance to PHS in bread wheat, the functional SNP in the Phs1 gene can be used for marker-assisted selection (MAS). Furthermore, it might be possible to create new mutants with further improvement in resistance to PHS by targeting TaMKK3 and other genes for proteins in the MAP cascade.
Our results suggest that among the MAP pathway proteins, MKK3 plays an important role in controlling seed dormancy in higher plants. However, little is known about molecular mechanisms for the control of natural seed dormancy variation. The relationship between MKK genes and seed dormancy in cereals is still unknown, but the results of this study are expected to lead to further progress in understanding the molecular mechanisms of seed dormancy in cereals.
EXPERIMENTAL PROCEDURES
Detailed methods are provided in the Supplemental Experimental Procedures.
Canadian cultivar Leader as the dormant donor parent and Japanese cultivar Haruyokoi as the nondormant recurrent parent were used. The backcross populations were used for the construction of a high-resolution genetic map of the long arm of wheat chromosome 4A covering Phs1 controlling natural variation of seed dormancy in bread wheat. Construction of BAC physical map, comparative analysis with rice genome, marker development, BAC sequences and annotations were carried out for map-based isolation of Phs1. Sequence comparisons and association analysis using three dormant and three nondormant lines were conducted for the candidate gene identification. Transgenic wheat was produced using immature embryos of Leader by particle bombardment for the complementation test of the candidate gene of Phs1. Homozygous lines grown in a closed-system greenhouse were evaluated for seed dormancy and gene expression analysis. 
